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Introduction

In recent years, numerous modern analytical techniques have
been applied to the analysis of the inorganic constituents in coal.
At the U.S. Steel Research Laboratory, Mossbauer spectroscopy and
computer-controlled scanning electron microscopy have been empha-
sized(1l~5). With the advent of very intense synchrotron radiation
sources, the technique of extended X-ray absorption fine structure
(EXAFS) spectroscopy has been applied in many areas of materials
science, and several very recent articles on EXAFS studies of the
inorganic constituents of coal have appeared(6-8). For the most part,
previously published work has reported investigations of bituminous
coals by these three techniques. 1In the current article, we present
some examples of the analysis of the inorganic constituents of lower-
rank coals, principally lignites, by these methods. Although the
suite of low-rank coals investigated is rather limited, some distinct
differences between the inorganic phase distributions in these coals
and those in bituminous coals are apparent.

Experimental

Mossbauer spectroscopy is a spectroscopy based on the resonant
emission and absorption of low-energy nuclear gamma rays. The Tre
nucleus exhibits the best Mossbauer properties of all isotopes for
which the Mossbauer effect has been observed, and 57Fe Mossbauer spec-
troscopy is perhaps the best method available for quantitative anal-
ysis of the iron-bearing phases in complex, multiphase samples. As
discussed in recent review articles(2,9,10) every iron-bearing com-
pound exhibits a characteristic Mossbauer absorption spectrum, and
the percentage of the total iron contained in each phase can be de-
termined from absorption peak areas. Detailed descriptions of the
Mossbauer spectrometer and data analysis programs used in this lab-
oratory, and discussion of the physical basis of the Mossbauer tech-
nique are given elsewhere(10).

The computer-controlled scanning electron microscope (CCSEM)
developed in this laboratory consists of an SEM interfaced by mini-
computer to a beam-control unit and an energy dispersive X-ray anal-
ysis system. Detailed descriptions of this instrument and its use
in the determination of coal mineralogy and other applications are
given elsewhere(3,11). Briefly, the beam is stepped across the sample
in a coarse grid pattern, with typically 300 x 300 grid points cover-
ing the field of view. At each point, the backscattered electron in-
tensity is sampled, and the minicomputer decides whether or not the
beam is on a particle. Once a particle is identified, the grid den-
sity is increased to 2048 x 2048 and the area of the particle is
measured. The beam-control unit then places the electren beam back
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at the center of the particle and an energy dispersive X-ray spectrum

is collected. Each particle is then placed into one of up to 30 cate-
gories (minerals, compounds, etc.) on the basis of the chemistry indi-
cated by its X-ray emission spectrum, and approximate weight percent-

ages of all categories are calculated. CCSEM is capable of measuring

the size and chemical composition of up to 1000 particles per hour for
many kinds of particulate samples.

EXAFS spectroscopy examines the oscillatory fine structure above
the absorption edge in the X-ray absorption spectrum of a particular
element. These oscillations arise from interference between the out-
going photoelectron wave and scattered waves produced by interaction
of the photoelectrons with neighboring atoms. As discussed elsewhere
(12,13), Fourier transform techniques can be used to extract from
these oscillations information about the bond distances, coordination
numbers, and types of ligands surrounding the absorbing element. Addi-
tional information about the valence or electronic state of the ab-
sorbing ion and the ligand symmetry can be obtained from examining
the X-ray absorption near-edge spectra, or XANES, in the energy region
very close to the absorption edge (within approximately +20-30 eV).
Such XANES spectra frequently provide characteristic fingerprints for
different types of ligand bonding to an absorbing ion(6,7,14,15).

The X-ray absorption spectra of calcium-containing coals and
reference compounds discussed in this paper were recorded at the
Stanford Synchrotron Radiation Laboratory (SSRL) during a dedicated
run of the Stanford Positron-Electron Acceleration Ring at an electron
energy of 3.0 GeV. The calcium K-edge occurs at 4038 eV and data were
collected from 3800 to 5000 eV, using a double Si (111) monochromator
and a fluorescence detector similar to that of Stearn and Heald(1l6).

A more detailed discussion of this work will appear elsewhere(1l7).

The samples examined were predominantly lignites from the Pust
seam in Montana. However, data for two North Dakota lignites, for
slagging and fouling deposits produced by those lignites, and for
several subbituminous coals are also included.

Results and Discussion

Mossbauer spectroscopy results for all samples investigated are
summarized in Table I. The percentages of the total sample iron con-
tained in each of the iron-bearing minerals identified are given in
columns 1 to 4, and the weight percentage of pyritic sulfur, deter-
mined from the pyrite absorption peak areas as discussed elsewhere(l),
are given in column 5. It is seen that pyrite and minerals (iron
sulfates and iron oxyhydroxide) that are probably derived from pyrite
by weathering are the only iron-bearing species in these low~rank
coals. Notably absent are contributions from iron~bearing clays and
siderite which are common constituents of bituminous coals(l,2).
Pyrite and iron oxyhydroxide are difficult to separate with room
temperature Mossbauer spectroscopy(18). For example, in Figure 1 are
shown the room temperature and 77 K spectra obtained from the Pust
seam, C, lignite, which had been stored for several years prior to
measurement. Although it is quite difficult to determine the rela-
tive amounts of pyrite and oxyhydroxide from the room temperature
Mossbauer spectrum, the spectral contributions of the two phases are
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readily resolved at 77 K.

CCSEM results for the approximate weight percentages of all
inorganic phases are given in Table II. Perhaps the most interesting
aspect of the CCSEM results for these low-rank coals as compared with
similar data for bituminous coals is the abundance of Ca-rich phases.
In most cases, these phases are not calcite, but are Ca-enriched
macerals in which the Ca is uniformly dispersed throughout the coal,
as illustrated by the SEM micrograph in Figure 2. The Ca-enriched
macerals appear gray in this inverted backscattered electron image.

An energy dispersive X-ray spectrum obtained from an individual mace-
ral is shown on the right. As discussed below, EXAFS data indicate
that this calcium is dispersed as salts of carboxylic acids.

The backscattered electron intensity of the Ca-enriched macer-
als is significantly smaller than that of calcite, and CCSEM can make
a distinction, albeit somewhat imprecisely, between Ca-enriched mac-
erals and calcite or other Ca-rich minerals on this basis. However,
the CCSEM programs have not been properly calibrated to deal with the ’
case of macerals enriched in an inorganic component-such as Ca at
this point. Consequently, the percentages indicated in Table II for
the Ca-rich category are only a qualitative indication of the rela-
tive amounts of this species in the various low-rank coals examined.
On the basis of the backscattered electron intensity, it appears that
calcium is dispersed throughout the macerals of the lignites that
have been examined, and is present partially in dispersed form and
partially as calcite in the subbituminous coals. In fresh bituminous
coals, calcium is present almost exclusively as calcite(3-5).

For comparison with Tables I and II, Table III gives the range
and typical values of the mineral distributions observed in bitumi-
nous coals by the CCSEM and Mossbauer techniques, derived from studies
of perhaps a hundred different bituminous coal samples in this labora-
tory. Some obvious differences in mineralogy are apparent. In addi-
tion to the difference in calcium dispersion and abundance already
noted, it is seen that certain minerals common in bituminous coals,
such as Fe-bearing, clays (illite and chlorite) and siderite, are vir-
tually absent in the low-rank samples of Tables I and II. Conversely,
minerals such as barite (BaSO4), apatite (Ca5(PO4)3OH), and other Ca,
Sr phosphates, are rather uncommon in bituminous coals.

EXAFS and XANES data for a Ca-rich sample of the Pust seam, A,
lignite can be briefly summarized by reference to Figures 3 and 4.
Figure 3 shows the XANES of the lignite, Ca acetate, and a fresh bitu-
minious coal from the Pittsburgh seam rich in calcite. The strong
similarity between the lignite and calcium acetate spectra is apparent.
Similarly, a close similarity is also observed for the XANES of the
fresh bituminous coal and that of a calcite standard. Examination of
the XANES of several other standard compounds (CaO, Ca(OH),, and
CaS0,+2H,0) showed that none of these phases were present in detect-
able amounts in either coal. The strong similarity of the XANES of
calcium acetate and that of the lignite is direct evidence that the
calcium in this coal is associated with carboxyl groups in the macer-
als and is not contained in very fine (<0.1 pm) mineral matter.

Mathematical analysis of the EXAFS associated with the nearest-
neighbor oxygen shell surrounding the Ca ions in the lignite was
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accomplished using programs developed by Sandstrom(l13). Briefly, the
results indicate that the Ca is coordinated by six oxygens, possibly
contributed in part by water molecules, at an average nearest neighbor
distance of 2.39 A. Additionally, the EXAFS data indicate that struc-
tural order at distances further from the Ca ions than the first co-
ordination shell is essentially absent in the lignite, implying that
the Ca sites are more or less randomly distributed throughout the
macerals. This point is well illustrated by phase-shift subtracted
Fourier transforms of the EXAFS data, which, as discussed elsewhere
(12,13), should bear a reasonably close relationship to the radial
distribution functions appropriate for the local environment of the

Ca ions. 1In Figure 4, the magnitude of the phase-shift subtracted
Fourier transform, |[F(r)|, is shown for the lignite sample, calcium
acetate, and a calcite-rich bituminous coal from the Pittsburgh seam.
It is seen that the |F(r)| curves for calcium acetate and the calcite-
rich bituminous coal exhibit maxima corresponding not only to the
nearest-neighbor oxygen shell, but also at the approximate locations
of more distant calcium neighbor shells. The |F(r)| curve of the lig-
nite exhibits a clear maximum only at the oxygen nearest-neighbor
shell distance. It is possible, however, that the small shoulder
that appears on the high side of the oxygen shell peak in the lignite
|F(r)| curve (at approximately 3.5 &) could correspond to the initial
stages of Ca ion clustering.

Finally, it is noted that XANES and EXAFS spectra obtained from
a severely weathered bituminous coal were nearly identical to those
obtained from the lignite sample. This indicates that in the weathered
coal calcium is also present in a dispersed form in which it is bonded
to carboxyl groups in the macerals. A more detailed report of the Ca
EXAFS investigation of lignite, fresh and weathered bituminous coal,
and Ca reference compounds will appear elsewhere(l7).

Analysis of Fouling and Slagging Deposits. It was observed that
one of the two North Dakota lignites listed in Tables I and II produced
heavy fouling deposits during combustion in a large utility furnace,
while little or no difficulty was experienced in firing the other. As
seen in Tables I and II, the inorganic phase distributions of these
two coals are rather similar. Additionally, CCSEM and Mossbauer anal-
ysis of boiler-wall slag deposits produced by both coals gave rather
similar results. A typical Mossbauer spectrum obtained from a boiler
wall deposit (wall temperature ~1250°C) is shown in Figure 5, and a
summary of the approximate phase distributions of the wall slag de-
posits produced by both coals is given in the inset. From the ob-
served phases, it appears that the CaO—SiOZ-FeZO3 phase diagram plays
a key role in determining the slagging behavior of these coals. CCSEM
analyses of fouling deposits produced by the two lignites are given
in Table IV. It is seen that the only significant difference between
the light and heavy deposits is the presence of an alkali sulfate mix-
ture, containing Na, K, and Ca sulfates, in the latter. It is well
known that alkali sulfates can react strongly with metal surfaces to
produce alkali-iron sulfate mixtures that are partially molten over
the temperature range from approximately 700 to 1100°C, causing severe
fouling and corrosion problems(19).
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Conclusions

In this paper, we have presented some examovles of the useful-
ness of three techniques, Mossbhauer spectroscopy, CCSEM, and EXAFS
in the analysis of low-rank coals and combustion products of low-rank
coals. Points of interest regarding the inorganic constituents of
these coals include the high abundance ot calcium bonded to carboxyl
groups and dispersed throughout the macerals, the low abundance of
illite, siderite, and calcite, and the presence of significant amounts
of accessory minerals such as barite, apatite, and other phosphates.
Areas that merit further investigation by these techniques include
the analysis of fouling and slagging deposits, and structural studies
of inorganic elements such as calcium that are dispersed through and
bonded to the coal macerals. '
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TABLE I
Mossbauer Results For Low-Rank Coals
Percent of Total Iron Contained in Wt.% of
Ferrous Iron Oxy- Pyritic
Sample Pyrite Jarosite Sulfate hydroxide Sul fur
Pust seam, A-3 100 - - - 0.30
Pust seam, A-4 92 7 1 - 2.26
Pust seam, A-6 91 9 - - 0.15
Pust seam, A-7 A100+ - - - X0.03+
Pust seam, B-3 100 - - - 0.06
Pust seam, B-5 100 - - - 0.05
Pust seam, B-7 100 - - - 0.09
Pust seam, C 43 26 - 31 0.29
N.Dakota lignite, 91 6 2 - 0.50
heavy fouling
N.Dakota lignite, 95 5 - - 0.38
light fouling
Rosebud 65 16 19 - 0.15
subbituminous .
Colstrip’ 81 19 - - 0.27
subbituminous

+Very weak spectrum; sample contained only 0.07% iron.
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TABLE III

Mineralogy of Bituminous Coals

CCSEM Analysis, Mossbauer Analysis,

Wt.% of Mineral Matter % of Total Sample Iron

Mineral Range Typical Mineral Range Typical
Quartz 5-44 18 Pyrite 25-100 62
Kaolinite 9-60 32 Ferrous Clay 0-56 18
Illite 2-29 14 Siderite/Ankerite 0-58 9
Chlorite 0-15 2 Ferrous Sulfate 0-18 3
Mixed Silicates 0-31 17 Jarosite 0-21 4
Pyrite 1-27 8 Wt.% Pyritic 0.08- 0.35
Calcite/Dolomite  0-14 3 Sulfur* 1.51
Siderite/ankerite 0-11 2
Other 0-12 4
*Determined by method of Ref. 1

TABLE IV

t’ CCSEM Results For Fouling Deposits, 800-1000°C

‘Z Species Heavy (wt$) Light (wt#%)

’\. Al, Si-rich 5 5

! Quartz 3 8

Q Hematite 2 3

: Ca-rich 10 7

, Mg-Ca 3 5
Ca Ferrite 2 <1l
Ca-Si-Fe Glass 21 22
Ca-Si + Glass 40 40
Alkali Sulfate 2 0
CaSO4 + Alkali Sulfate 4 6 CaSO4 only
Other 8 4

Alkali Sulfate ~ Na/Ca/K = 1.0/0.5/0.1
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Fig. 1 Mossbauer spectra of the Pust seam C, lignite.
Pyrite (P), jarosite (J), and iron oxyhydroxide (0) are
indicated.
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Fig. 5 Mossbauer spectrum of boiler-wall slag deposit. The
approximate phase distribution determined from CCSEM and
Mossbauer results is shown in the inset.
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